A novel restriction fragment length polymorphism in inbred rats
INTRODUCTION
Restriction fragment length polymorphisms (RFLPs) in humans are widely employed as markers in genetic analyses, such as in construction of linkage This work was supported by a grant-in-aid for scientific research from the Ministry of Education, Science and Culture of Japan. lmamichi Institute for Animal Reproduction, 100, Nisshin-cho 3-chome, Ohmiya-shi, Saitama 330, Japan. 2 Molecular Oncology Laboratory, Nippon Veterinary and Zootechnical College, 10-19, Uenosakuragi 1-chome, Taito-ku, Tokyo 110, Japan. 3 To whom correspondence should be addressed.
591
0006-2928/89/1000-0591 $06.00/0 © 1989 Plenum Publishing Corporation maps (Botstein et al., 1980; White et al., 1985) and linkage analyses of hereditary diseases (Caskey, 1987) . Moreover, RFLPs in animals, like biochemical and immunological marker genes, are useful as markers in studies on animal genetics (Paul and Elliot, 1987; Cobb et al., 1987; Gasser et al., 1988) . Most known RFLPs result from single-base substitutions that create or destroy a cleavage site for a specific restriction endonuclease causing a change in the length of a DNA fragment. An RFLP locus due to a single variant of this type will have only two alleles (with and without the restriction endonuclease cleavage site). On the contrary, RFLPs resulting from deletion or insertion of specific sequences frequently consist of more than two alleles (Nakamura et al., 1987) . Highly variable regions have been found near the human insulin gene (Bell et al., 1982) , the Harvey-ras-1 oncogene (Capon et al., 1983) , the ApoB gene (Huang and Breslow., 1987) , the zeta-globin gene (Goodbourn et al., 1983) , and the Type II collagen gene (Stoker et al., 1985) . In each case, the variable region consists of a tandem repeat of a specific sequence, and polymorphism results from allelic differences in the number of repeat units. The resulting length variation can be detected with any restriction endonuclease that does not cleave the repeat unit, whereas a single-base substitution can be detected only with a specific endonuclease.
Genetic analysis can be considerably simplified by use of probes for the hypervariable region showing multiallelic variation. Therefore, RFLPs resulting from the deletion or insertion of repetitive sequences may be more effective than those resulting from single-base substitutions as markers in genetic analyses.
The rat growth hormone gene has been extensively analyzed structurally (Chien and Thompson, 1980) , and the second intron of this gene has been found to contain a tandem repeat of interspersed repetitive DNA sequences (Barta et al., 1981; Page et al., 1981) . Growth hormone cDNA was thus employed to probe Southern blots of rat DNA in search of restriction fragment length variations that could be useful in genetic analysis of the rat (Rattus norvegicus). This paper reports DNA polymorphism in the rat growth hormone gene, which was suggested to result from deletion or insertion of interspersed repetitive sequences.
MATERIALS AND METHODS

Animals and Preparation of DNA
In this study, DNA samples from 27 inbred rat strains were used. The rats were anesthetized with ether, and their livers were then removed. High molecular weight genomic DNAs were prepared from the liver by phenol extraction as described by Hughes et al. (1979) .
Probes
Plasmid pcrGH-800 containing an 0.8-kb fragment of rat growth hormone cDNA (Seeburg et al., 1977) was a generous gift from Dr. H. M. Goodman (Department of Molecular Biology, Massachusetts General Hospital). This plasmid was digested with HindIII and purified by electrophoresis to obtain the 0.8-kb fragment of rat growth hormone cDNA.
Plasmid pMGH containing a genomic fragment of the rat growth hormone gene and a promoter region of the mouse metallothionein-I gene (Palmiter et al., 1982) was a generous gift from Dr. R. D. Palmiter (Department of Biochemistry, Howard Hughes Medical Institute, University of Washington). This plasmid was digested with PstI and separated by electrophoresis to obtain an 0.8-kb fragment including the 3' region of the rat growth hormone gene.
The fragments obtained from pcrGH-800 or pMGH were labeled by random priming (Feinberg and Vogelstein, 1983 ) to a specific activity of 2 × 10 6 cpm/ng DNA using [a-32p]dCTP (ICN).
Southern Blot Hybridization
The genomic DNA samples (10 ~tg) were digested at 37°C for 8 hr with 100 units of restriction endonucleases PstI, PvuII, BamHI, HindIII, and BgIII (Takara) under the conditions specified by the supplier. The digests were separated by 0.7 or 1% horizontal agarose gel electrophoresis (40 V, 16 hr) in 0.09 M Tris-boric acid containing 2.5 mM EDTA (pH 8.3). A HindIII-digest of X phage DNA and a HapII digest of M13 phage DNA were used as molecular size markers. After denaturation and neutralization, the DNAs were transferred to a nylon-membrane filter (Pall) by the method of Southern (1975) and fixed by baking the filter at 80°C for 2 hr.
The baked filters were prehybridized at 42°C for 5 to 10 hr in hybridization solution [50% formamide, 5x SSC, 1 mM EDTA, 0.5% SDS, 5 x Denhardt's solution (Denhardt, 1966) , and 100#g/ml of sonicated herring sperm DNA]. Hybridization was then performed in the hybridization solution containing 32p-labeled probe at 50°C for 24 hr. The hybridized filters were washed three times in 1 x SSC, 0.1% SDS at room temperature for 30 rain each time and once in 0.1 x SSC, 0.1% SDS at 50°C for 1 hr. The filters were then exposed to Kodak XAR-5 film with a DuPont Lightning-Plus intensifying screen at -70°C.
Typing of Biochemical and Coat-Color Loci
Typings of the following seven biochemical loci were performed by reported methods: Mup-1 (Nikaido et al., 1982) , Svp-1 (Gasser, 1972) , Acp-2 (Bender et al., 1985) , Ahd-2 (Adams et al., 1984;  with the slight modification of Matsumoto, personal communication), Cs-I (Yamada et al., 1981) , Es-6 (Bender et al., 1982) , and Es-8 (Matsumoto, 1980) . Genotypes at the coat-color loci (a, h, and c) were determined visually.
RESULTS
Southern blot hybridization of a PstI digest of rat genomic DNA with rat growth hormone cDNA as a probe revealed interstrain variation in the length of the hybridizing fragment. Four types of restriction fragments patterns were found in the 27 inbred rat strains. Figure 1A shows the patterns of PstI fragments in the F344/Hok, NIGIII/Hok, W/Hok, and LEJ/Hok strains, which are representative of these four types. All strains gave a fragment of 0.8 kb. In addition, F344/Hok gave a fragment of 1.2 kb, while NIGIII/Hok, W/Hok, and LEJ/Hok gave fragments of 1.1, 0.9, and 0.7 kb, respectively.
As shown in Fig. 1B , only the 0.8-kb invariant PstI fragment was detected when the same four strains were probed with the 0.8-kb fragment of pMGH, which corresponds to the 3' region of the growth hormone gene (Fig. 3) . This result suggests that the 0.8-kb invariant PstI fragment is located in the 3' region of the gene, whereas the variant PstI fragments are located in the 5' region.
The distributions of the 1.2-, 1.1-, 0.9-, and 0.7-kb PstI variant fragments in the 27 inbred strains are shown in Table I . The 1.2-kb PstI fragment was found in 10 strains, and the 1.1-, 0.9-, and 0.7-kb fragments were found in 12, 4, and 1 strains, respectively.
Southern blot hybridization of the PvuII digests of DNA from these 27 strains with rat growth hormone c D N A as a probe showed the same distribution of variant fragments as that of PstI variant fragments. The D N A samples that gave 1.2-, 1.1-, 0.9-, and 0.7-kb PstI fragments gave 1.6-, 1.5-, 1.3-, and l.l-kb PvuII fragments, respectively ( Fig. 2A) . The differences in length of the PvuII variant fragments also seemed to be consistent with those of the Pstl variant fragments; namely, in the digests with both enzymes, the larger fragments were 0.5, 0.4, and 0.2 kb, respectively, longer than the shortest fragment. The digestion with P v u l I also produced another variant fragment that gave a much weaker band than the main band described above. As shown in Fig. 2A , with the DNAs of F344/Hok and NIGIII/Hok this band was hard to distinguish from the intense, main band, but careful examination indicated that F344/Hok, NIGIII/Hok, and W/Hok gave homologous fragments of 1.55 kb, while LEJ/Hok gave a 1.45-kb fragment. The distribution pattern of these PvuII fragments in the 27 inbred strains was different from that of the PstI fragments and the other PvuII fragments. HindIII and BamHI also gave the same pattern of distribution of variant fragments as that obtained with PstI (data not shown).
As shown in Fig. 2B , the DNA samples of F344/Hok and NIGIII/Hok gave two fragments of about 4.4 and 1.1 kb with BglII. Precise determination of fragment length is difficult in this size range, but the 4.4-kb fragment of NIGII1/Hok was slightly (probably about 0.1 kb) shorter than that of F344/Hok. On the contrary, the DNA samples of W/Hok and LEJ/Hok each gave only one BgIII fragment of 5.3 and 5.1 kb, respectively. The sum of the sizes of the two fragments of F344/Hok and NIGIII/Hok and the sizes of single BgIII fragments of the other two strains were thus estimated to be 5.6, 5.5, 5.3, and 5.1 kb, respectively. These sizes correspond to the sizes of the PstI fragments, suggesting that an internal BglII site is present in the growth hormone genes of the F344/Hok and NIGIII/Hok strains, but not in the genes of the W/Hok and LEJ/Hok strains.
The results obtained on digestion of D N A of the F344/Hok strain with Pstl, PvuII, HindIII, BamHI, and BgllI are consistent with the restriction map reported by Barta et al. (1981) , and the results for the D N A of N I G I I I / H o k are consistent with the map of Page et al. (1981) . Predicted restriction maps of the four polymorphic types of the growth hormone gene are shown in Fig. 3 . The positions of exons and introns are marked on the bases of the maps of Barta et al. (1981) and Page et al. (1981) .
A backcross of ( W K S / I a r x 1S/Iar)F1 x W K S / I a r was carried out to determine the mode of inheritance of the RFLP. All F1 hybrids gave both 1.2-and 0.9-kb Pstl fragments, whereas W K S / I a r gave the 0.9-kb fragment and I S / I a r gave the 1.2-kb fragment. Backcross progeny segregated into two types, one giving both the 1.2-kb and the 0.9-kb fragments and the other giving only the 0.9-kb fragment. The two types were observed in the 54 backcross progeny at a ratio of 32:22. This segregation ratio did not differ significantly from a 1:1 ratio (x2= 1.85, P > 0.1), suggesting that the 1.2-and 0.9-kb Pstl fragments segregate as codominant Mendelian alleles.
The possibilities of linkage between the RFLP locus of the growth hormone gene and 10 other loci were examined in the backcross progeny of ( W K S / I a r x IS/Iar)F~ x W K S / I a r . As shown in Table II 
DISCUSSION
Most RFLPs result from either a single-base substitution at a restriction site or the insertion or deletion of a DNA segment. In the case of the RFLP of the rat growth hormone gene, the same distribution pattern of four allelic restriction fragments was observed in DNAs of different strains on their digestion with various endonucleases. Moreover, in all these digests, the differences between the lengths of the shortest fragment and the other three allelic fragments were estimated to be 0.5, 0.4, or 0.2 kb. These data are consistent with the notion that the polymorphism of this gene is due to the insertion or deletion of variable DNA segments of 0.5, 0.4, and 0.2 kb. The restriction maps of four polymorphic types (Fig. 3) reveal that the predicted insertion or deletion site is located between the first PvuII site and the second PstI site. Most of this region is occupied by the second intron.
The second intron of the rat growth hormone gene is known to contain interspersed repetitive DNA sequences. On the basis of sequence data on a rat growth hormone genomic clone, Barta et al. (1981) reported that these repetitive sequences are composed of a tandem repeat of homologous sequences, two of 195 bp and one of 73 bp. It should be noted that this clone was derived from an SD rat and had the 1.2-kb PstI fragment. The 195-bp sequences are members of the family of Alu-like interspersed repetitive sequences, and the 73-bp sequence is a member of the family of ID sequences, and the mammalian genome contains about 105 copies of each (Singer, 1982; Rubin et al., 1980; Milner et al., 1984) . Since these repetitive sequences were considered to be transposable elements (Jagadeeswaran et al., 1981) , the tandem repeats in the second intron of the rat growth hormone gene may have been generated by transposition of these transposable elements.
RFLPs resulting from an insertion or a deletion of interspersed repetitive sequences have been found near the rat prolactin gene (Schuler et al., 1983) , the mouse MHC class I (Uehara et al., 1987) and class II (McConnell et al., 1988) regions and the mouse ribosomal RNA gene (Kominami et al,, 1983) . Therefore, it seems reasonable to conclude that these repetitive sequences are the variable DNA segments whose insertion or deletion causes variation in the restriction fragment length. Consistent with this, Page et al. (1981) reported sequence data on a rat growth hormone genomic clone containing only two 195-bp repetitive sequences in its second intron. This clone gave a 1.1-kb PstI fragment and had been derived from a "hooded rat." Therefore, we conclude that the 1.2-kb Pstl fragment contains two 195-bp sequences and one 73-bp sequence, the 1.1-kb fragment contains two 195-bp sequences, the 0.9-kb fragment contains one 195-bp fragment, and the 0.7-kb fragment contains no repetitive sequence. This conclusion, which is illustrated in Fig. 4 , is supported by the following discussion.
As shown in Fig. 4 , a BglIl site is present in the 3' unit of the tandem repeat of two 195-bp sequences but is not present in the other unit. This BgIII site creates two BgllI fragments which hybridize to the rat growth hormone cDNA least the 3' unit of the tandem repeat (Figs. 4C,D) , while the DNA samples having two BglII fragments have this unit (Figs. 4A,B) .
Although this RFLP is considered to be caused by a transposition, no data are available on whether each unit of the repeats was inserted independently or whether the whole segment of 3 units was inserted at once and then deleted sequentially. Further analyses of this region may provide information on the mechanisms of generation of polymorphism and also evidence for transposition of the interspersed repetitive sequences.
The variation observed in the other minor PvuII fragments may indicate another polymorphism of the growth hormone gene, because this minor PvulI fragment was located in the 5' region of the gene (Page et al., 1981) which does not contain the polymorphic region described above (Fig. 3) . Further investigations are required to determine the nature of this other polymorphism, such as whether it involves a single-base substitution, or an insertion or deletion of a DNA segment.
Since the RFLP of the growth hormone gene exhibits multiallelic variation in inbred rat strains, it should be a useful marker for genetic analysis of rats. As the rat growth hormone gene was assigned to chromosome 10 (Cooke et al., 1986) , this RFLP should be a useful linkage marker for determining whether any loci or linkage groups are present on chromosome 10. No linkage was found between the RFLP locus and the 10 loci tested, but further linkage analyses of the RFLP locus may provide a linkage map of loci assigned to this chromosome.
